Abstract-The natural soiling of photovoltaic cover glass has recently been shown to include both an inorganic and organic particulate matter. Under favorable growth conditions, the latter can lead to the growth of dense colonies of filamentous fungi, which potentially leads to measurable performance losses over time. Herein, we report on a field study where glass coupon samples were deployed in soiling-prone locations, which focused on Dubai (United Arab Emirates) and Mumbai (India). For each site location, clear differences in the soiling were observed. The samples from Mumbai were contaminated with an abundance of filamentous fungi, whereas the samples from Dubai had primarily inorganic contamination. The effectiveness of soiling mitigation strategies, which include cleaning techniques and glass coatings, are discussed in detail.
I. INTRODUCTION
T HE accumulation of contamination (dust or dirt) on the surface of photovoltaic (PV) modules reduces the amount of light that reaches the semiconductive cell, and, thus, leads to a drop in the amount of energy generated. In the United States, natural soiling can lower the annual energy yield of a PV system by up to 7% [1] , whereas power drops as high as 70% have been recorded worldwide [2] . Consequently, a successful soiling mitigation strategy can lead to significant energy gains, reduced maintenance, and increase in revenues.
Manuscript received July 13, 2018 ; revised September 19, 2018 ; accepted October 14, 2018 . Date of publication November 9, 2018; date of current version December 21, 2018. This work was supported in part by the Alliance for Sustainable Energy, LLC, the manager and operator of the National Renewable Energy Laboratory for the U.S. Department of Energy under Contract DE-AC36-08GO28308 and in part by the funding provided by the U.S. De The most common way to mitigate soiling of PV modules is periodic cleaning. An optimal cleaning schedule requires an accurate prediction of the seasonality of soiling accumulation and restorative rainfall in order to maximize the effect of cleaning on the energy yield, while limiting its cost [3] , [4] . Cleaning unsoiled PV modules leads to an increase in cost with no or limited benefits on the energy yield, whereas not cleaning over-soiled modules results in loss of revenue [5] . AS coatings deposited on top of the surface of the PV modules represent an alternative mitigation strategy. These coatings are meant to reduce the soiling deposition rate and cleaning frequency, which consequently decreases the maintenance cost. As shown in Fig. 1 , the surface characteristics of AS coatings may be chosen depending on the location of the PV module so as to influence the degree of performance loss. A number of research groups have investigated the effectiveness of different AS coating designs [6] - [9] . The majority of these studies were conducted either indoors using a single type of soiling in a controlled environment or outdoors at a single location. Nevertheless, soiling is a complex and site-specific issue that depends on the type and concentration of airborne particulate matter as well as meteorological conditions. In addition, the system geometry (e.g., tracking configuration, tilt angle, presence of the frame) can influence the soiling accumulation rate by affecting the deposition and subsequent adhesion of the particulates to module surfaces. To further complicate matters, the composition and accumulation of soiling varies both seasonally and annually [3] , [4] . Recently, it was shown that certain climates (e.g., moderate and tropical climates) may favor the growth of filamentous fungi, algae, and bacteria on module surfaces [10] - [13] . Organic contamination may exist and constantly be changing, with the type and population of organic contamination that vary seasonally. In the case of fungi, airborne spores are deposited from the atmosphere onto the glass substrate. Under optimal growth conditions, sporulation and germination occur and lead to widespread colonization of fungi on the glass surface (Fig. 2) . Microbial soiling may significantly decrease the power conversion efficiency if overlooked [10] , [11] , [13] .
The optimal soiling mitigation strategy will likely depend on location and system due to the complex relationship between soiling variables. A primary goal of our study is to identify optimal mitigation strategies for different climates that can provide prolonged resistance to the accumulation of contamination. In previous work, we reported on the durability and performance of various coatings under outdoor test conditions in Sacramento, CA, USA, as well as cleaning techniques that may be used to facilitate reproducible specimen examination [12] . In addition, the soiling mitigation effect obtained using different AS coatings and cleaning procedures in more soiling-prone locations such Fig. 1 * An AR designation was assigned for coatings that were confirmed to improve the direct transmittance by greater than 0.5%. The surface wetting was assigned from water contactangle measurements, where 10°< θ ࣘ 55°was hydrophilic, 55°< θ ࣘ 90°was weakly hydrophilic, and 90°< θ ࣘ 120°was weakly hydrophobic.
as Mumbai (India) and Dubai (United Arab Emirates) was analyzed [14] . Here, the effectiveness of various AS coatings and cleaning procedures after one year in the field, paying particular attention to the impact of each strategy on the growth of fungi, was investigated using optical microscopy. This paper extends this investigation by adding cross-sectional scanning electron microscopy (X-SEM), atomic force microscopy (AFM), and optical transmittance to analyze field-aged coated glass-coupon specimens from Dubai and Mumbai. This combination of techniques has made it possible to better understand the durability of coatings to cleaning and soiling and to investigate the relations between transmittance losses and area covered by soiling.
II. EXPERIMENTAL DETAILS

A. Field-Aged Glass Coupons
Coated and uncoated glass-coupon samples were aged in the field under conditions described previously [12] . Briefly, the coupon specimens consisted of coated or uncoated substrates, 75 × 75 × 3.2 mm in size. Coated substrates were custom fabricated by industry suppliers to achieve the smaller coupon size. The coatings studied included anti-reflective (AR) functionalities and/or anti-soiling (AS) functionalities, which varied in surface energy (including hydrophilic and hydrophobic varieties), as summarized in Table I and described in more detail in [12] . Each coupon was scribed for identification using a serial number consisting of a letter (for the sample type) and three-digit number (unique to the specimen). The coupons were mounted on black backplane in custom mounting racks to achieve a temperature similar to a PV module.
The specimens were weathered in or near the cities of Mesa, AZ, USA; Sacramento, CA, USA; Mumbai, India; Kuwait City, Kuwait; and Dubai, United Arab Emirates. Each site was chosen to provide a soiling-prone location, combined with a meteorological climate of interest [12] . The experiments described here include specimens weathered for one year in Mumbai (urban environment, known for a long dry period with a monsoon season) and Dubai (desert environment with frequent coastal dew cycles). The complete study will run for five years, with replicate specimens being examined each year.
A set of manual cleaning practices was performed to study the effects of abrasion and provide insights regarding soiling and the effectiveness of cleaning. Separate racks were either: not cleaned (NC); cleaned with a hog-bristle dry brush (DB); cleaned with a low-pressure water spray (WS); or cleaned with a wet polypropylene sponge and rubber squeegee (WSS). For the wet cleaning methods, the water did not contain a surfactant or AS agent. Cleaning was repeated once each month. Two replicate specimens for each cleaning procedure were returned annually from each site.
B. Soiling Analysis
The surface of the coated glass samples was analyzed using a Dimension 3100 AFM (Bruker Corp.), using Nanoscope V electronics, in tapping mode. Twenty-nanometer-diameter Si probes were used for the AFM analysis. X-SEM studies were completed to analyze surface coatings using a NanoSEM 630 field-emission SEM (FEI Co.) in secondary-electron mode with an in-lens detector. The samples were cleaved before analysis by scribing and breaking and coated with a thin layer of gold to decrease charging during imaging. Images of abrasion, soiling, and surface coatings were collected on a digital microscope (Keyence; VHX-5000) over a magnification range of 100× to 1000× (Keyence; VH-Z100R). This instrument has a field of view of 1600 (H) × 1200 (V) with a 2.2-μm resolution for the default 100× magnification setting. In addition, glare was suppressed by using two polarization adaptors (Keyence; OP-72406 and OP-87800), resolution was refined using a high dynamic-range imaging function of the microscope, and full coaxial illumination (bright-field imaging at 100% power) was used to view the samples. Image quality settings such as brightness, contrast, texture, color, and lighting were adjusted to view areas of interest and capture images under optimal conditions. The field coupons were placed on a black-plastic intermediary to protect the scope's stage from dirt and scratches.
Analysis of the contamination on the field-aged coupons was achieved using the advanced analysis functions of the Keyence microscope. The image quality settings (brightness, contrast, texture, and color) were adjusted to provide the highest contrast between the contamination (black) and substrate surface (white) for each area examined under a magnification of 200×. To achieve the highest contrast, the two polarizers were removed from the microscope. After maximizing the contrast between the particulates and substrate surface, the automatic area-measurement software tool (Keyence) was used to manually extract and measure the area occupied by the contamination. This measurement resulted in two parameters: the percent area coverage (PAC) for the contamination and average particle perimeter (including standard deviation). In addition to these two-dimensional (2-D) measurement parameters, an areacoverage image was generated where the contamination was highlighted in red relative to the substrate background (black). The 2-D measurement parameters were collected from five different locations on each coupon and averaged to give representative values.
Optical transmittance was measured using a Cary 5000 dual-beam ultraviolet-visible-near infrared (UV-VIS-NIR) spectrophotometer (Agilent Technologies Inc.) equipped with a DRA-2500 integrating sphere (Agilent Technologies Inc). Measurements were made with the sphere (τ h -the "hemispherical transmittance"). The transmittance was measured using a 1-nm interval, with a spot size on the order of 1 cm 2 . The transmittance was obtained for the average of three replicate measurements within the same specimen. Transmittance spectra were analyzed relative to the AM1.5G spectrum [15] to provide the representative solar-weighted transmittance of photon irradiance (τ rsw ) from 300-1250 nm directly related to PV performance [16] , [17] .
III. RESULTS AND DISCUSSION
A recent study showed that the PAC may be correlated to the transmittance losses due to soiling on glass surfaces [18] , [19] . A PAC analysis of field-aged glass coupons was used in this study to quantify the cleanliness of the coupon specimens after one year in the field. For Dubai (United Arab Emirates), the PAC values were quantified for the field-aged samples as a function of coating and cleaning technique using the Keyence image-analysis tool (Fig. 3) . Samples that were NC consistently had PAC values >60% due to inorganic contamination (data not shown). This buildup of contamination is likely due to the desert climate of Dubai, where natural rain events are less frequent and coastal dew cycles enhance the deposition and subsequent adhesion of the contamination to the glass surface. As shown in Fig. 3 , the WSS cleaning technique consistently led to lesser PAC values relative to the DB and WS techniques. For WSS, coupons with an AR coating (e.g., B, D, E, and G in Table I) showed a PAC soiling value ∼50% lower than samples without an AR designation. Due to the abrasive nature of the contamination in Dubai, the DB cleaning procedure led to significant coating damage for the B, D, E, and G samples. As shown in It is possible that the effectiveness (i.e., cleanliness) of the DB procedure was due to the removal of the coating, which included the removal of tenaciously bound contamination. In comparison, the WSS cleaning technique resulted in significantly less abrasion for sample D relative to the DB technique [see Fig. 4(B) ]. This increased durability was likely due to water, which acted as a lubricant during cleaning. Water may also be a contributing factor to the lesser PAC values for the AR-coated samples after the WSS cleaning process. Water is known to contribute to the breaking up and removal of layers of contamination during cleaning [20] . Much of the abrasion in Fig. 4 (A) may have resulted from the copious contamination present in Dubai and the accumulation of soiling between cleaning events (once/month). A higher frequency of DB cleaning may be necessary to limit the accumulation of contamination between cleanings and extend the lifetime of the coating. Alternatively, a more abrasion resistant coating may be a suitable option for the DB cleaning method. For example, sample B had less abrasion [see Fig. 4(C) ] and little to no abrasion was observed for the H and U samples. This study identifies the need to consider both the environment and cleaning procedure when developing new AS and AR coatings.
The damage to the coatings in Dubai was verified by X-SEM and AFM to confirm if the condition/existence of the coatings was consistent with the visual appearance in Fig. 4 . The X-SEM image of a field-aged glass coupon with coating B showed a thickness of ∼110 nm [see Fig. 5 (A)] and indicated that the coating remained mostly intact after DB cleaning. This coating thickness was consistent with the thickness of an unaged glass coupon with coating B (data not shown). Topographic AFM measurements further confirmed the relative robustness of coating B [see Fig. 5(B) ]. Based on Fig. 5 (B) only mild abrasion was observed. Here, the dark stripes (lower z-values) in Fig. 5(B) correspond to regions where the coating was removed, while the brighter regions represent the coating that remained after one year in the field. A line scan profile of these regions indicated that the coating thickness was ∼100 nm [see Fig. 5(C) ]. This coating thickness is similar to the thickness obtained from X-SEM measurements. A similar abrasion density was observed for coating B with optical microcopy [see Fig. 4 (C)] as observed with AFM. Topographic AFM measurements (data not shown) of coating D confirmed that most of the coating was removed as observed in Fig. 4(A) .
No filamentous fungi were observed for the glass coupons from Dubai. The lack of fungi on the Dubai samples may be due to the extreme climate conditions (i.e., insufficient nutrients/water, high temperatures, and high ultraviolet insolation) that limited growth. The soiling morphology observed for the field-aged coupons from Mumbai (India) was significantly different from Dubai. A major component of the soiling in Mumbai was fungus. The evolution of the surface colonization by the fungi was observed throughout the Mumbai samples. These growth characteristics were categorized into four stages (Fig. 2) : 1) small disjointed segments, 2) small clusters, 3) dense filamentous fungi, and 4) dense filamentous fungi with clusters of inorganic contamination. It is anticipated that stage 4 fungal growths with inorganic contamination (e.g., shown in Fig. 6 ) will have the most detrimental effect on the optical transmittance over time.
Based on the soiling analysis of the various glass coupons from Mumbai, the coated samples U and D consistently had the lowest PAC values relative to the uncoated glass (J), regardless of cleaning procedure (Fig. 7) . This reaffirms the use of a coated surface as a soiling mitigation strategy. As shown in Fig. 7 , the WS-cleaned coupons were heavily soiled relative to coupons from other cleaning procedures. This suggests that in a wet en- vironment, organic contamination has a higher probability to proliferate on a range of surfaces. The WS method used in this study, which uses a low-pressure canister, may differ from that used in some commercial operations, which use a high-pressure system. Surprisingly, not cleaning the glass coupons in Mumbai during the one-year period was an effective short-term cleaning Fig. 6 . Filamentous fungal growths with anchored clusters of inorganic contamination ("stage 4" in Fig. 2) . The green background is due to the use of polarizing filters during representative imaging with the Keyence microscope. Fig. 7 . PAC of field-aged glass coupons from Mumbai (after one year in the field) as a function of coating and cleaning technique (DB = dry brush, WS = water spray, WSS = wet sponge and squeegee, and NC = not cleaned). The PAC of each coupon is calculated as the average of the PAC of five locations on the same coupon.
strategy. The PAC values for the NC coupons were consistently lower than the PAC values for the DB, WS, and WSS cleaned coupons (see Fig. 7 ), which indicated that less soiling was retained on the NC coupons. The reasons for this are unclear at this time and are currently under further investigation. We speculate that the timing of the summer monsoon rains in Mumbai was responsible for removing the larger soiling particulates and agglomerates that tend to impact the PAC soiling values.
Representative area-coverage images of glass coupons from Dubai and Mumbai are shown in Fig. 8 . The contamination is shown in red relative to the black background (glass surface). An automatic area-measurement software tool (Keyence) was used to manually extract and measure the perimeter of each particle in the area-coverage image. The contamination on the Dubai samples consisted of globular particulates with an average particle perimeter of 29 ± 27 μm [see Fig. 8(A) ]. Because of the diversity of contamination on the Mumbai samples, the standard devia- tion of the average particle perimeter was examined to gain an understanding of the relative differences in soiling composition between the samples. Generally speaking, the Mumbai samples with a standard deviation around 30 μm had mainly globular particulates [combination of organic and inorganic contamination, e.g., see Fig. 8(B) ]. As the amount of filamentous fungi increased, the standard deviation parameter increased due to the lower aspect ratio of the fungi. This trend may be observed qualitatively in Fig. 8(B)-(F) . It should be noted that this type of analysis can only distinguish between linear soiling (i.e., filamentous fungi) and globular soiling (i.e., inorganic/organic contamination). In addition, other types of biological soiling, such as algae and bacteria, are relatively spherical and would not be easily distinguished from inorganic contamination.
The soiling-area analysis of the various glass coupons suggested that the morphological characteristics of the fungi (i.e., stages 1-4) were regulated by the cleaning technique, not the coating. The magnitude of the standard deviation (average) for the average particle perimeter was the smallest for the glass coupons cleaned using the DB and WSS procedures (45 and 46 μm, respectively). Mainly small disjointed segments (stage 1) and small clusters (stage 2) of fungi were observed on these glass coupons. As previously discussed, natural rain events and contactless cleaning methods were not sufficient to mitigate the fungi [12] . This conclusion is in agreement with the observed soiling morphologies on the field-aged coupons from Mumbai cleaned with the contactless NC and WS procedures. Here, a high density of stage 3 and stage 4 fungal colonies was observed, while the standard deviation (average) for the average particle perimeter was 52 μm for the NC procedure and 96 μm for the WS procedure.
The performance effect of soiling was assessed by optical transmittance. The τ rsw was determined from τ h in order to more specifically quantify the effect of soiling on PV Fig. 9 . Correlation between area coverage by soiling and representative solar weighted transmittance (τ rsw ) for uncoated glass (J) samples from Dubai (red circles) and Mumbai (blue circles). The average baseline τ rsw of uncoated glass (J) was 91.2% (black circle, standard deviation was ∼0).
performance [18] . The PAC by soiling for the uncoated glass (J) samples from Dubai (cleaned by WS, DB, and WSS) and Mumbai (cleaned by NC, WS, DB, and WSS) were correlated to the reduction in τ rsw . As shown in Fig. 9 , the τ rsw varied linearly with the PAC values for both the Dubai and Mumbai samples. A linear correlation between the area covered by the contamination and τ rsw is in agreement with a previous study [18] . Interestingly, the decrease in τ rsw due to soiling was identical for both site locations, suggesting that inorganic and organic particulate matter have similar contributions to the overall transmittance losses. Loss of τ rsw and its relation to the AR and AS coatings will be explored further in a future study.
IV. CONCLUSION
This study investigated the effectiveness of various cleaning procedures and AS coatings on glass coupons in two distinct locations. No filamentous fungal growths were observed on the glass coupons fielded in Dubai, which was likely due to the desert climate (i.e., lack of water to support nutrient sources, extreme heat, and high ultraviolet insolation). Biofouling was a significant portion of the soiling in the more rain-prone climate of Mumbai. For both locations, contact-based cleaning procedures (DB and WSS) were most effective at removing soiling from the glass coupons, but they also tended to abrade some coatings. In several cases, extensive damage was observed for some coatings after only 12 DB cleanings, which emphasized the need for tribological durability. The glass coatings were more resistant to abrasion when cleaned using the WSS procedure due to the water acting both as a lubricant and a contributor to cleaning. The WS cleaning procedure was least effective at removing soiling from coupons in both locations. The use of water might be cost prohibitive and resource limited in some locations. For the Dubai samples, the DB cleaning procedure was a suitable water-free process that limited the buildup of contamination. Under these cleaning conditions and WS, AS coatings had little to no effect on mitigating the soiling deposition rate when compared with uncoated glass. However, several promising differences were observed in the area coverage of soiling as a function of coating type for the field-aged coupons from Mumbai. Based on these differences, it is clear that the actual performance of AS coatings will depend on climate conditions, type of soiling, and cleaning procedure. The combination of the WSS cleaning procedure and coating U would be a possible soiling-mitigation strategy for Mumbai.
